This paper proposes a maximum torque per ampere (MTPA) and flux-weakening (FW) control based on online parameters estimation for an interior permanent magnet synchronous motor (IPMSM) drive. Due to the impact of core saturation, cross-coupling effect and temperature, dq-axis inductances and magnetic flux linkage vary significantly. Consequently, control algorithms based on constant parameters may perform inefficiently and unstably. In this paper, an online parameters estimation algorithm based on a novel model reference adaptive system (MRAS) has been developed. By use of the estimated results, the parameters in MTPA and FW algorithm are updated in order to improve the accuracy and robustness. Finally, the feasibility and validity of the proposed algorithm are proved through simulation.
INTRODUCTION
Interior permanent magnet motors have become the first choice of electrical vehicles owing to their outstanding advantages, such as high power density, low torque ripple and wide speed range [1] .
To make use of the reluctance torque effectively, in constant-torque region where motor operates under base speed, MTPA control method can maximize the torque output capacity; in constant-power region where motor operates above base speed, FW control method can extend the speed range [2] .
However, due to the impact of core saturation, cross-coupling effect and temperature, d-q axis inductances and magnetic flux linkage vary significantly [3] . Consequently, under complex operation condition, the actual MTPA and FW currents trajectory may deviate from the ideal one which is based on constant parameters, and thus the performance of IPMSM is degraded. To solve this problem, many researchers utilize the self-tuning current vector controller to realize the MTPA and FW trajectory [4] , [5] . These methods solve the consequence of parameters variation effectively, but the response speed is relatively slow. Other researchers apply online parameters estimation technique to MTPA and FW control. Dq-axis inductances and magnetic flux linkage are the main factors of MTPA and FW control algorithm. If these 3 parameters are estimate simultaneously, the convergence of estimation algorithms cannot be ensured, because the rank of the stator voltage equation in the dq reference frame is 2. There are three main kinds of solutions. The first is treating magnetic flux linkage as constant, which is mainly influenced by temperature and has a slow rate of variation, while estimating d-q axis inductances [6] , [7] . The second is treating d-axis inductance as constant, which has a small extent of variation, while estimating magnetic flux linkage and q-axis inductance [8] . Both of the two kinds of methods treat one parameter as a constant, but its variation may not be negligible under complex operation condition. The third method consists of two independent parts, which are a dq-inductances estimation algorithm with fast convergence rate and a magnetic flux linkage estimation algorithm with slow convergence rate. These two parts operate respectively and update estimation results to the other periodically [9] . This method solves the problems mentioned above, however, is much complex for practical applications. This paper proposes a MTPA and FW control based on online parameters estimation for IPMSM. Firstly, the character is analyzed that each parameter can be estimated independently. Based on this character and Popov Hyper Stability Theorem, a novel MRAS parameters estimation algorithm is designed. This algorithm realizes online estimation of dq-axis inductances and magnetic flux linkage simultaneously. Then, the parameters in MTPA and FW control algorithm is updated by the estimation results. Finally, the optimized current trajectory is obtained. 
MTPA Control Algorithm
Limited by the rate current of inverter, MTPA control can allocate the d-q axis currents optimally under a certain output torque. To achieve the MTPA trajectory, 
In order to reduce the computation burden, Eq. (5) can be expanded using Maclaurin series as 
FW Control Algorithm
Limited by the rated voltage of inverter, it is necessary to apply FW control for extending speed range while reaching the base speed. In this region, the following equations should be satisfied. 
I
is the maximum current of the inverter.
The sample period of currents is very short, so that the differential terms of Eq. (1) 
ONLINE PARAMETERS ESTIMATION ALGORITHM BASED ON MRAS

Analysis of Estimation Characters of Parameter
According to Eq. 
Proposed Parameters Estimation Algorithm Based on MRAS
q L estimation algorithm is taken as example. Adaptive model of q axis is given as 1( )
Based on Popov Hyper Stability Theorem, the Popov integral inequality is expressed as
The adaptive law of q L estimation algorithm is designed as
In the d L estimation algorithm, adaptive model of q axis is given as
The adaptive law of
In the f  estimation algorithm, adaptive model of q axis is given as A simulation model of the IPMSM control system is built and examined in MATLAB-Simulink. The key parameters of the prototype IPMSM are shown in the Appendix. Parameters vary significantly in the low speed and heavy load operation condition and high speed and light load operation condition, thus, these two operation conditions are simulated. The initial values are
The reference speed and actual speed of proposed and traditional algorithm are shown in Figure 3 . The load torque and output electromagnetic torque of proposed and traditional algorithm are shown in Figure 4 . The results show that the proposed algorithm is better than traditional one in the terms of speed response and torque output. The proposed algorithm has faster speed response in MTPA region and wider speed range in FW region than the traditional one. 
CONCLUSION
Firstly, this paper analyses the character that the parameters can be estimated independently. Based on this character, a novel MRAS online parameters estimation algorithm is proposed. Then, the MTPA and FW algorithms are optimized by the estimated results. Finally, the feasibility and validity of proposed algorithm are proved by simulation, and the simulation results show the superiority of the proposed algorithm.
